Although it is well established that paternally transmitted germline variants in SDHD are associated with multifocal paragangliomas and lifelong follow-up is generally advised, the risk of metachronous lesions is presently unknown. In a large Dutch cohort of SDHD variant carriers, we studied the development of new paragangliomas, and the evolution of symptoms and cranial nerve impairment. Recurrent event analysis and the Kaplan-Meier product limit estimator were used to study the risk of new lesions. The relation between several predictors and development of new symptoms was assessed using logistic regression. Of the 222 SDHD variant carriers included, 65% presented with symptoms and 11% with cranial nerve dysfunction. Over a median period of 8 years, 42% reported new symptoms, and new cranial nerve impairment was observed in 11% of subjects. The estimated fraction of subjects that developed new HNPGL increased to 73% (95% CI: 52-85%) after 22 years of follow-up. Males were more likely to develop new HNPGL compared to females (HR: 1.63, 95% CI: 1.10-2.40), as were subjects that presented with symptoms, compared to subjects that were asymptomatic at baseline (HR: 1.61, 95% CI: 1.01-2.55). In addition, the risk of new lesions decreased with number of HNPGL present at first diagnosis (HR: 0.68 and 95% CI: 0.56-0.82). Carriers of a paternally inherited SDHD variant face a considerable risk for new HNPGL. In addition, nearly 50% of subjects reported new symptoms. However, new cranial nerve deficits were observed in only 11%, which is less than reported in surgical series. These risks should be taken into account when considering treatment strategies and counseling.
Introduction
Hereditary head and neck paragangliomas (HNPGL) are primarily associated with germline variants in the genes encoding subunits of succinate dehydrogenase (SDHA, SDHB, SDHC, and SDHD) or its assembly factor (SDHAF2). SDHD variants are the leading cause of hereditary head and neck paragangliomas in the Netherlands, and a high prevalence of two founder variants, c.274G>T, p.(Asp92Tyr) and c.416T>C, p.(Leu139Pro), is observed in the Dutch population [1] [2] [3] . A remarkable parent-of-origin effect characterizes inheritance of SDHD-related paragangliomas (PGL). Carriers of a germline variant in this gene develop a phenotype almost exclusively upon paternal transmission. Although still unproven, the hypothesis that a second paternally imprinted gene, presumably located on 11p15, is involved in tumorigenesis seems the most plausible explanation to date. A requirement for complex mitotic recombination of the maternal 11q and paternal 11p region, followed by loss of the paternal 11q and maternal 11p region, explains the rare occurrence of maternally transmitted disease [4] [5] [6] [7] .
Numerous authors have studied genotype-phenotype correlations, and SDHD variants are typically associated with head and neck paragangliomas, multifocal disease, and a low malignancy rate. Germline variants in SDHD also predispose carriers to develop pheochromocytomas (PCC) and extra-adrenal sympathetic paragangliomas (sPGL) [8] [9] [10] [11] [12] . Patients may present with symptoms related to mass effect or occasionally with symptoms caused by excessive catecholamine secretion. In addition, HNPGLs are increasingly detected following screening by genetic testing and imaging in the context of hereditary disease [13] .
Although a few authors have reported metachronous lesions in individual patients, the risk of developing new head and neck paragangliomas during follow-up has not been previously studied [14] [15] [16] [17] [18] . In addition, there are no large studies describing clinical progression in patients with untreated HNPGL.
With the aim to further optimize surveillance and counseling of both patients and their family members, we studied symptoms and cranial nerve dysfunction at initial presentation, clinical progression, and the development of new paragangliomas in a large Dutch cohort of SDHD variant carriers.
Methods

Subjects
The database of the Laboratory for Diagnostic Genome Analysis (LDGA) of the Leiden University Medical Center, a tertiary referral center for patients with PGL in the Netherlands, was used to identify SDHD variant carriers. Molecular genetic testing was performed as previously described (reference sequence: NT_033899.7 NM_003002.2) [19] . In addition, family members known at the Leiden University Medical Center with an obligate carrier status, which requires at least one diagnosed paraganglioma and a family member with a germline SDHD variant, were eligible for inclusion. Subjects diagnosed with PGL between January 1990 and October 2015 were included if, following first diagnosis, they underwent imaging in our institution at least once and visited the Department of Otorhinolaryngology, Endocrinology, or Surgery. Carriers of a paternally inherited SDHD variant, with no evidence of disease at initial surveillance, were included if at least one additional MRI or CT scan was available.
In accordance with the Dutch law, approval of the institutional ethics committee was not required because all data used were collected for routine patient care.
Surveillance
Magnetic resonance imaging (MRI) is generally used in our institution for the detection and follow-up of HNPGL (contrast-enhanced 3D time of flight MR angiography sequence has been used since the late 1990s). If there are contraindications for magnetic resonance imaging (e.g., implanted cardioverter-defibrillator or claustrophobia), computed tomography (CT) is used. Measurement of urinary catecholamines and their O-methylated metabolites, to detect hormonally active paragangliomas, was performed as described by Havekes et al. and was followed by MRI or CT scans of the thorax, abdomen, and pelvis in case of excessive catecholamine secretion [18, 20] . If a sPGL or PCC was suspected, 123 I metaiodobenzylguanidine (MIBG) scintigraphy was performed. Since 2002, biochemical screening has been performed at 2-year intervals and MR imaging at intervals of 1-2 years (every 5 years if no evidence of disease is found).
Occasionally, carotid body tumors were detected by head and neck ultrasonography and jugulotympanic tumors by CT imaging of the temporal bone. In light of the risk of multifocal disease associated with SDHD variants, crosssectional imaging of the head and neck region should be added to discover additional PGLs. With this in mind, the development of a new primary paraganglioma was defined as the detection of a tumor at least 1 year after initial diagnosis. Accordingly, tumors detected within the first year of follow-up were classified as present at baseline.
The starting point for follow-up was the first MRI or CT scan of the head and neck region of SDHD variant carriers without evidence of disease at initial surveillance. For the remaining subjects, the starting point was equivalent to the date of diagnosis of the first PGL. The time of most recent imaging of the head and neck region was considered the end of follow-up, as it was the most recent point at which new HNPGL could be detected. Relevant clinical data were retrieved from medical records, and comprised the period to the last PGL-related visit to the LUMC. Common PGLrelated signs and symptoms (e.g., neck swelling, hearing loss, tinnitus, dysphonia, palpitations, hypertension, and cranial nerve dysfunction) were routinely assessed.
Statistics
For statistical analysis, IBM SPSS Statistics version 23 (IBM Corp.: Armonk, NY, USA) and R version 3.2.5 were used. To assess the risk of developing new (metachronous) HNPGL, recurrent event analysis was used (more specifically a Prentice, Williams and Peterson Total Time model, an extension of Cox proportional hazards regression) [21, 22] . The proportional hazards assumption was checked using scaled Schoenfeld residuals. Age at the start of follow-up, gender, whether a patient was symptomatic or asymptomatic at baseline, and the number of head and neck paragangliomas present at the start of follow-up were considered possible predictors. As imaging techniques have improved over time, we also included the year follow-up started as predictor. Although we intended to include several SDHD variants in our analysis, the high prevalence of the c.274G>T, p.(Asp92Tyr) variant and the much lower number of subjects and observed events for other variants precluded reliable comparison. Only seven patients developed more than three new primary head and neck paragangliomas, therefore a data set limited to a maximum of three events was used for recurrent event analysis [21] . The estimated fraction of subjects developing at least one new HNPGL and the median time to this first event was provided by the Kaplan-Meier product limit estimator. To illustrate the effect of binary predictors, Cox proportional hazards regression was used.
The relation between aforementioned predictors, as well as the number of new HNPGL, the development of new symptoms (attributable to paragangliomas located in the head and neck region), and cranial nerve paresis or paralysis was assessed with logistic regression. To correct for varying follow-up times, the duration of follow-up was included in the analysis. To compare the age at onset, defined as the age a patient retrospectively first experienced symptoms, of males versus females, an independent sample t-test was performed. If continuous data followed a Gaussian distribution, the mean and standard deviation are provided, if not, the median and interquartile range (IQR) are given unless stated otherwise. A p value of less than 0.05 was considered statistically significant.
Results
Patients
A total of 222 Dutch SDHD variant carriers were included, 121 (55%) of whom were male. One subject had developed HNPGL upon maternal transmission, whereas in the remaining 221 subjects the SDHD variant was transmitted via the paternal line. Figure 1 (Table 1) . In 14 subjects, there was no evidence of disease Fig. 1 The year subjects were included are depicted in Fig. 1a . In addition, the proportion of subjects that presented with symptoms versus the proportion of subjects that were asymptomatic at the start of follow-up is specified. The end of follow-up (year of most recent imaging) is depicted in Fig. 1b and the total number of SDHD variant carriers under follow-up each year is provided in The date of diagnosis was equal to the start of follow-up for 208 patients. Five subjects developed the first paraganglioma during follow-up (age at diagnosis > age at the start of follow-up) and nine SDHD variant carriers remained disease free. For 27 patients, only the year of diagnosis was known, month and day were set to 1st January at the start of follow-up (i.e., the first CT or MRI scan of the head and neck region), five developed one or multiple paragangliomas (five HNPGL and one sPGL) and nine remained unaffected during a median follow-up time of 5.24 years (IQR: 3.26-6.54). In all other cases, follow-up started at diagnosis of the first PGL. Almost two-thirds of subjects (n = 145; 65%) presented with symptoms, and the median age at baseline was 39 years (range: 13-73) ( Table 1 ). All but one subject visited the department of otorhinolaryngology, and biochemical screening was performed in 94%.
Development of new paragangliomas
During a median follow-up time of 7 years (IQR: 4-12), 75 SDHD variant carriers (34%) developed new head and neck paragangliomas and the number of subjects diagnosed with multiple HNPGL increased from 137 (62%) to 171 (77%). In addition, PCC or sPGL were detected in 21 subjects.
Overall, 40% of all SDHD variant carriers developed new paragangliomas during follow-up. Carotid body tumors were encountered most frequently, followed by vagal body and jugulotympanic tumors (the distribution was approximately equal between males and females). In addition, HNPGL at other locations (e.g., proximal to the thyroid gland) were detected in five patients ( Table 2 ). The estimated fraction of SDHD variant carriers that developed at least one new head and neck paraganglioma ranged from 7% (95% CI: 3-10%) after 2 years of followup, to 73% (95% CI: 52-85%) after 22 years, with a median time of 14.6 years (95% CI: 11.5-16.1) (Fig. 2a) . Males were more likely to develop new HNPGL compared to females (hazard ratio: 1.63, p = 0.01), as were subjects that presented with symptoms compared to subjects that were asymptomatic at baseline (hazard ratio: 1.61, p = 0.04). The chance of developing new tumors decreased if more head and neck paragangliomas were already present (hazard ratio: 0.68, p < 0.001) (Fig. 2c, d and supplementary information, Table 2 ). There was no statistically significant effect of age.
Clinical progression
At the start of follow-up, 65% of SDHD variant carriers were symptomatic. In addition, 24 (31%) of previously asymptomatic subjects developed symptoms during followup, and 70 (48%) already symptomatic patients reported new symptoms. In seven cases, the evolution of symptoms was unknown. In total, 94 (42%) subjects reported new symptoms, including symptoms in 23 cases (24%) attributable to tumors that developed during follow-up (the cumulative risk of developing a new symptomatic tumor is depicted in Fig. 2b) . Furthermore, 70 (48%) patients experienced progression of preexisting symptoms, of whom 37 also reported new symptoms. Both the exact date of diagnosis and the duration of symptoms were known for 79% of symptomatic patients. The mean age at onset was 36 (±13; range: 9-72) years, and there was no statistically significant difference between males and females (p = 0.73). In the remaining patients, symptoms had often been present for years, suggesting that the actual age at onset was lower. Jugulotympanic tumors were most often symptomatic, with hearing loss and tinnitus being the most commonly reported symptoms. Carotid and vagal body tumors most often caused a neck swelling, and to a lesser extent, pain, sensitivity, or a pressure sensation (Table 3) .
In total, 211 SDHD variant carriers were diagnosed with head and neck paragangliomas. Twenty-three (11%) subjects presented with cranial nerve dysfunction, of whom three developed additional cranial nerve palsies during follow-up. In total, 24 (11%) patients developed new cranial nerve paresis or paralysis during follow-up, 21% of which was attributable to new head and neck paragangliomas (Table 4) . Females more often reported new symptoms compared to males (odds ratio: 1.92, p = 0.03), as did younger compared to older subjects (odds ratio per 10 years age increase: 0.76, p = 0.02) (Supplementary information, Table 3 ). Both the number of HNPGL present at baseline and the number of new tumors were statistically significant predictors for the development of new symptoms (odds ratio of 1.53 and 1.90, with p values of 0.01 and 0.003). The former was the only significant predictor for the development of new cranial nerve paresis or paralysis (odds ratio of 1.69, p = 0.03).
Urinary catecholamine and/or O-methylated metabolites levels were elevated in 79 (40%) patients at some point during follow-up, and one or multiple pheochromocytoma or extra-adrenal sympathetic paragangliomas were detected in 30 patients. In the remaining cases, increased urinary excretion rates of catecholamines and/or O-methylated metabolites were attributable to head and neck paragangliomas. In addition, in nine cases, catecholamine excess persisted or recurred after treatment for a PCC or sPGL, and could be attributed to the presence of HNPGL. In four other cases, both HNPGL and sPGL were Eight (4%) patients were diagnosed with metastatic paragangliomas. In four cases, this involved metastatic spread to locoregional lymph nodes, while in the remaining cases distant metastasis (pulmonary, skeletal, and/or hepatic metastasis) were present. Two patients died of metastatic disease, in a third case the cause of death was unknown and five patients are still in follow-up (mean follow-up time: 7.7 years). In four cases, the primary tumor was located in the head and neck region and in two cases the primary tumor was an sPGL. The remaining two patients were diagnosed with both HNPGL and sPGL and the location of the primary tumor was uncertain.
Treatment
A total of 108 patients were treated for 163 head and neck paragangliomas (112 carotid body, 18 vagal body, 13 jugulotympanic, 11 tympanic, 6 jugular paragangliomas, and 3 HNPGL at other locations). The majority of tumors were treated surgically (83%), but radiation therapy (15%), embolization (5%), and octreotide (4%) and lutetium (2%) therapy were also used (as primary or adjuvant therapy). Treatment caused permanent cranial nerve injury in 24 patients (22%), all but two cases of which were attributable to surgical treatment. The vagus nerve was most often affected, followed by the hypoglossal nerve (Supplementary information, Table 3 ). In addition, serious complications, including respiratory insufficiency and stroke, were reported in seven cases.
A total of 27 patients were treated for 16 PCC and 18 sPGL. Serious complications (such as pneumonia, radiation myelopathy and terminal kidney insufficiency) occurred in five cases.
Discussion
Lifelong follow-up is generally recommended in cases of hereditary paragangliomas. However, the risk of developing metachronous lesions has never been studied, nor are there any sizable studies reporting the evolution of symptoms or cranial nerve damage. In this study, we focused on SDHD For example, symptoms related to cranial nerve impairment (NVII, NIX, and NXII), syncope, coughing, dyspnea, globus sensation, (bloody) otorrhea, recurrent otitis, and fatigue e Attributable to catecholamine secreting head and neck paragangliomas in three subjects, and to pheochromocytomas or extra-adrenal sympathetic paragangliomas in five subjects variant carriers. SDHD variants are predominantly associated with head and neck paragangliomas, with an estimated penetrance at age 70 ranging from~85 to 100%. Pheochromocytomas and extra-adrenal sympathetic paragangliomas are observed less frequently [8, 11, 20, [23] [24] [25] [26] . This distinction was also apparent from our results, with 95% of subjects diagnosed with HNPGL, compared to 15% with a PCC and/or sPGL.
On average, SDHD variant carriers face an~75% (95% CI: 52-85%) risk for a new HNPGL over a follow-up period of 22 years. This risk is dependent on the number of tumors already present at first presentation. A surprising finding was that men were more prone to develop new head and neck paragangliomas compared to women. We previously found no statistically significant relation between sex and growth of HNPGL [27] . An increased growth rate of central nervous system hemangioblastomas, as well as an increased tumor burden, has been reported in male compared to female patients with von Hippel-Lindau disease (VHL). The authors suggested that this might be due to male hormonal influences [28] . Considering that PGLs are also a manifestation of VHL disease, that both VHL and SDHD tumors exhibit stabilization of HIF-1α, and that testosterone has been found to induce HIF-1 α function in rats, we postulate that male hormones may affect the development of paragangliomas [28] [29] [30] [31] . However, further research will be required to establish whether testosterone is involved in tumorigenesis of SDHD-related paragangliomas and to confirm sex-related differences in SDHD-related disease.
Patients symptomatic at the start of follow-up were more likely to develop new HNPGL, indicating that asymptomatic SDHD variant carriers, i.e., screening-detected patients, may have a more favorable natural course. Furthermore, it should be noted that although recurrent event analysis revealed no significant relation between age and the development of new tumors, the hazard ratio depicts a risk ratio per time unit. Thus, subjects with a higher life expectancy do have a higher cumulative risk of developing new paragangliomas.
The relatively high percentage of SDHD variant carriers diagnosed with HNPGLs in this cohort, in comparison to previous reports, is attributable to our surveillance regimen and inclusion criteria [11, 13, 20, 26] . In agreement with previous studies, carotid body tumors were most common, followed by vagal and jugulotympanic tumors. Due to their anatomic location, jugulotympanic tumors most frequently presented with symptoms [32, 33] .
At the start of follow-up, 65% of subjects were symptomatic. During a median follow-up time of 8 years, 42%, including previously asymptomatic SDHD variant carriers, reported new symptoms, 24% of which were attributable to new tumors. Not surprisingly, both the number of tumors present at the start of follow-up, as well as the number of new tumors were statistically significant predictors for the development of new symptoms. In line with an earlier observation of decreasing growth rates of carotid and vagal body paragangliomas with increasing age, there was a negative correlation between age and the development of new symptoms [27] . In addition, females reported new symptoms more often, independent of number of PGL and age. It is well established that there are gender-related differences in reporting physical symptoms [34, 35] . Whether the underlying cause is primarily related to biological differences, bodily vigilance, recall bias, or social standards is unclear, but in population samples and in samples of medical patients women report symptoms more frequently [34, 35] . Twenty-three subjects (11%) presented with cranial nerve dysfunction and 24 subjects (11%) developed new cranial nerve deficits during follow-up. In most cases, dysfunction, primarily involving the vagus and hypoglossal nerve, was attributable to jugulotympanic and/or vagal body paragangliomas. It is noticeable that 21% of cranial nerve dysfunction was attributable to newly developed tumors. Treatment (mainly surgery) resulted in permanent cranial nerve dysfunction in 22% of treated patients. In particular, carotid and vagal body PGL treatment more often resulted in cranial nerve deficits compared to a "wait and scan" strategy. It should be noted that evaluation of treatment was not the main objective of this study and we have not reported results for different treatment modalities separately. However, we know from previous research that the risk of postoperative cranial nerve impairment is high, and almost inevitable if vagal body tumors are resected [36, 37] . The risk of cranial nerve damage following radiotherapy is considerably lower (0-7.4%), although acute and late side effects should be taken into account and weighed against the generally favorable natural course of these tumors [36, 37] .
It is generally thought that head and neck paragangliomas seldom release catecholamines. However, if biochemical screening includes the measurement of urinary 3-methoxytyramine, catecholamine excess is observed iñ 30% of patients with exclusively HNPGL [38] . Finally, the observed malignancy rate was comparable to the rate reported in literature [11, 39] .
As imaging of the thorax and abdomen was only performed if there was evidence for increased catecholamine secretion or in case of suspect signs or symptoms, biochemically silent pheochromocytomas and extra-adrenal sympathetic paragangliomas may have gone undetected. In addition, the sensitivity and specificity of newer functional imaging techniques such as 18 F-fluordopa and 68 Ga-DOTATATE PET/CT have proven superior compared to 123 I MIBG scintigraphy [40, 41] . An increased risk of pheochromocytoma has been associated with certain SDHD variants [11] . Although there is only limited evidence for other genotype-phenotype correlations, the results presented here may not be applicable to carriers of all SDHD variants [12] . Lastly, due to the retrospective nature of this study, symptoms may have been underreported [12] .
As SDHD variants are associated with multifocal disease, lifelong follow-up is generally advised. In addition to confirming the high prevalence of multifocal disease, importantly we also showed that SDHD variant carriers face a substantial risk for new head and neck paragangliomas during follow-up (~75% after 22 years). In addition, we detailed the clinical characteristics of 222 SDHD variant carriers, presenting the evolution of symptoms and cranial nerve dysfunction. While up to 50% of SDHD variant carriers reported new symptoms during a median of 8 years, new cranial nerve dysfunction was observed in only 11%, less than in previous surgical series. The risks reported here should be taken into account when considering treatment strategies and counseling.
